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The mechanism of the unidirectional transmission in metal subwavelength gratings with different
surfaces is investigated theoretically. This kind of unidirectional transmission belongs to the extra-
ordinary optical transmission assisted by the surface plasmon polariton (SPP). The SPP wave comes
through the multi-reﬂection process and ﬁnally transforms into the transmission wave. The difference of
amplitude transmissivities and reﬂectivities at different surfaces in opposite incident directions results in
the unidirectional transmission. A division method is proposed to calculate the parameters of subwave-
length gratings with asymmetric surfaces.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
Optical unidirectional (OUD) devices are crucial in optical
circuits just as diodes in electric circuits. They play a signiﬁcant
role in optical information processing and are named as optical
diodes. Some kinds of systems have been proposed in order to
implement OUD transmission such as nonlinear materials [1–3],
photonic crystal heterostructures [4–6], anisotropic liquid crystals
[7], magneto-optic (MO) materials [8], MO-metal ﬁlm compound
structures [9–11] and MO photonic crystals [12,13]. The OUD
phenomenon has been observed experimentally in the nonlinear
material, photonic crystal heterostructure, and anisotropic liquid
crystal systems. Recently, a kind of simpler and more effective
OUD device was proposed [14–16] in which an optical OUD
phenomenon has been observed. This new kind of OUD device
was composed of subwavelength structures, such as hole or
slit arrays, cut into the metal ﬁlm with two different surfaces.
We refer this kind of OUD devices to as mid-plane asymmetry
structure in this paper because the mid-plane asymmetry struc-
ture is the unique characteristic of these devices. Compared with
the previous ones, a mid-plane asymmetry structure possesses
three advantages: there is no restriction that the incident light
must be polarized in mid-plane asymmetry structures with hole
array (but not the mid-plane asymmetry structures with slit
array); it is available for normal incident light; it is structurally
simpler and easier to fabricate. However, the mechanism of the
OUD phenomenon in the mid-plane asymmetry structure has not
been quite clear till now in spite of that numerical simulations and
experimental work have been carried out [14–16]. For instance, in
studying the OUD transmission in mid-plane asymmetry structure
in Ref. [15], the dual-metal grating in a normal direction was
employed and the non-reciprocity was purported. But the authors
of Ref. [16] did not believe that the zero-order nonreciprocity
could not be achieved in this structure. We agree with them. In
fact, in Ref. [15], the phase difference between the lights radiated
from the nearest-neighbor slits in the subwavelength grating is
just π, and the normally transmission light is not the zero-order
transmission. So the OUD transmission in the studied structure did
not mean the non-reciprocity. It should be convinced that, in the
mid-plane asymmetry metal structure, the reciprocity was valid
and any OUD transmission was attributed to the higher order
transmission. However, the above discussion is from the view
angle of diffraction theory, what happened inside the mid-plane
asymmetry structure was still to be explained from a
microscopic view.
In this paper, we disclose the physical mechanism of the OUD
transmission in the mid-plane asymmetry structures. A division
method is proposed to calculate the OUD parameters. The results
calculated by this method are in good agreement with those
obtained from the ﬁnite-difference time-domain (FDTD) method.
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As an application of our analysis, we will suggest a new mid-plane
asymmetry structure to achieve better OUD property.
2. Simulation and discussion
As an example, a mid-plane asymmetry grating made of silver
is constructed, a periodic cell of which is sketched in Fig. 1(a).
The upper and lower surfaces are labeled with I and II respectively.
The cell includes two slits with the width of 0:1 μm. Two grooves
are cut on the I-surface, resulting in breaking the symmetry of the
structure. The left (right) groove of the left (right) slit is shifted
rightwards (leftwards) by 0:05 μm. Other dimensions are taken
as h¼ 0:1 μm; D¼ 3 μm; L¼ 0:52 μm and W ¼ 0:3 μm. The slab
excitation radiates the continuous TM wave (the magnetic ﬁeld
is along the y direction) with the wavelength of 0:8 μm that
corresponds to the dielectric constant εAg ¼ 31:201þ i0:405 [18].
The monitor is set on the other side of the ﬁlm to receive the
transmitted far ﬁeld light.
When incident light illuminates on the I-surface, the transmis-
sivity is expressed with TI. The FDTD simulation result is
TI ¼HI IIy =Hy0 ¼ 80:4%, where HI IIy is the y-component of the
magnetic ﬁeld of the transmitted light received by the monitor
and Hy0 is the magnetic ﬁeld received when the grating is
removed. Similarly, when light radiating from the side of II-
surface, we got TII ¼HII Iy =Hy0 ¼ 85:6%. The difference between
TI and TII clearly shows the OUD property of this grating. Although
this difference is not large enough for practice application, it is
enough for illustrating the physical reason of unidirectional
transmission in this mid-plane asymmetry structure. This reason
enables us to present a modiﬁed mid-plane asymmetry structure
to achieve better OUD transmissivity.
As the slit width is in subwavelength scale, there must be the
extraordinary optical transmission (EOT) [19–23]. In gratings, the
EOT is mainly governed by the single-slit and inter-slit effects [18].
The former is the basic factor representing that the EOT is caused
by isolated subwavelength slits, and the latter is the assistant
effect representing the coupling between the SPP waves from the
adjacent slits.
Along with its longitudinal direction, a single slit can be
regarded as a sandwich structure: two scattering areas are located
at the slit exits and an effective dielectric area is between them
[24–26]. In the scattering areas, the electromagnetic wave is
scattered and transformed into the transmission and reﬂection
waves. In the effective dielectric area the multi-reﬂection
process occurs. In this view the total transmitted magnetic ﬁeld
is written as
Houty ¼H0tintout ∑
1
n ¼ 0
ðrIrIIÞn exp
i2π
λspp
ð2nþ1Þheff
 
: ð1Þ
Here tinðtoutÞ is the transmissivity of electromagnetic wave from
outside (inside) of the slit to the inside (outside) of the slit, and rI
and rII are the reﬂectivities of the SPP in slit at the I- and II- surface
respectively. They are called the interface transmissivities and
reﬂectivities so as to distinguish them from the total transmissivity
TIðTIIÞ and total reﬂectivity RIðRIIÞ of the slit. The length of the
effective dielectric area is denoted by heff and the in-slit SPP
wavelength denoted by λspp. Although derived from a single slit
structure [26], Eq. (1) should also apply to gratings where the
multi-reﬂection process certainly occurs. Besides, the inter-slit
effect in gratings should be considered. It turns out that the
inter-slit effect merely modiﬁes the parameters in Eq. (1), i.e.,
tin; tout ; rI and rII.
To validate this, we calculated the amplitude of the magnetic
ﬁeld in the slit by means of the FDTD method and the result is
shown in Fig. 1(b). The amplitude curve reveals the characteristic
of the partial standing wave which results from the multi-
reﬂection.
The lengths of the two scattering areas are determined to be
ΔhI ¼ 0:21 μm andΔhII ¼ 0:11 μm respectively, as shown in Fig. 1(b).
They are different since the areas are inﬂuenced by the surface
structures. It is reckoned from Fig. 1(b) that
λspp ¼ 2:461:79¼ 0:67 μm. According to the Fabry–Perot resonant
condition, heff ¼ 4λspp ¼ 2:68 μm will cause maximum transmission,
and the corresponding ﬁlm thickness is D¼ heff þΔhIþΔhII ¼ 3 μm.
This is the reason that we take D¼ 3 μm in the calculations.
We now turn to investigate the OUD properties of the structure
sketched in Fig. 1(a). According to Eq. (1), the two transmissivities
TI and TII can be written in the following form:
TI ¼HI IIy =Hy0 ¼ tinI toutII exp i2πλsppheff
 
1rIrII exp i2πλspp2heff
 h i1
TII ¼HII Iy =Hy0 ¼ tinII toutI exp i2πλsppheff
 
1rIrII exp i2πλspp2heff
 h i1
9>=
>;
ð2Þ
The physical meanings of the parameters tinI ; t
out
II ; t
in
II ; t
out
I ; rI and
rII are the same as those in Eq. (1) but their values remain to be
resolved since the inter-slit effect is concerned here. To this
purpose, let us retrospect the single slit cut into a metal ﬁlm with
symmetric surfaces and the transmissivity of which is evaluated by
Eq. (1). The mid-plane symmetry leads to rI ¼ rII , so that there are
only three independent parameters left in Eq. (1). The three
parameters can be calculated by the time-domain analysis of the
transmission ﬁeld [24].
It is difﬁcult to apply the time-domain analysis to the mid-
plane asymmetry structure as each equation in Eq. (2) contains
four parameters. Nevertheless, enlightened by the method used in
Ref. [24], we propose a new method to overcome this difﬁculty.
Two independent gratings are constructed, owning symmetric
I-surfaces and II-surfaces in Fig. 1(a) respectively on both side of
the grating, thus called mid-plane symmetry structures. They are
depicted in Fig. 2(a) and (b), and named as I-grating and II-grating
respectively. We will show that the six parameters in
Eq. (2) can be determined in the two independent mid-plane
symmetry structures, which is fabricated by dividing the original
mid-plane asymmetry structure in Fig. 1(a) into two independent
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Fig. 1. (a) Sketch of the mid-plane asymmetry structure. (b) Amplitude distribution
of magnetic ﬁeld in one subwavelength slit.
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mid-plane symmetry structures. Hence, we referred it as a division
method.
The transmissivities of the two mid-plane symmetry gratings
can be calculated by the formulas:
TIgrating ¼ tinI toutI exp i2πλsppheff
 
= 1rIrII exp i2πλspp2h
I
eff
 h i
TIIgrating ¼ tinII toutII exp i2πλsppheff
 
= 1rIrII exp i2πλspp2h
II
eff
 h i
9>=
>; ð3Þ
Here, heffI and heffII are the lengths of the effective dielectric
areas of the two mid-plane symmetry gratings, and they can be
determined respectively in the same way as in Fig. 1. The six
transmissivity and reﬂectivity coefﬁcients in Eq. (3) are exactly the
same as those in Eq. (2). Compared to Eq. (2), the merit of Eq. (3) is
that each equation contains independently three parameters that
are related to either I- or II-surface. Therefore, they can be
determined by the time-domain analysis of the ﬁeld transmitting
through the I- or II-grating independently.
The simulated transmissivities of the two gratings are dis-
played in Fig. 2(c). The dashed line describes the II-grating
transmission. The step-like characteristic implies the multi-
reﬂections occurring in this grating. The ﬁrst step with the height
of 43.3% is caused by the transmission before the ﬁrst reﬂection
and the second step with the height of 65.2% corresponds to the
transmission involving the zero-th and ﬁrst reﬂection. In the
simulation, we take DI ¼ 3:1 μm;DII ¼ 2:9 μm, and they lead to
the effective dielectric areas being hIeff ¼ hIIeff ¼ 2:68 μm. Then the
second equation in Eq. (3) becomes
TIIgrating ¼ tinII toutII þtinII toutII r2IIþ⋯ . It means that tinII toutII ¼ 43:3% and
tinII t
out
II r
2
II ¼ 65:2%43:3%. Thus r2II ¼ 0:506 is obtained. The tIIin can
be measured directly in the simulation when putting a monitor in
the slit in a short initial sampling time interval, which results in
tinII ¼ 1:303. It follows that toutII ¼ 0:332. The solid line in Fig. 2
(c) corresponding to the I-grating also shows the step-like beha-
vior, although somewhat ambiguous. The average heights of the
ﬁrst two steps are 65.8% and 82.8% respectively. The three
parameters in the ﬁrst equation of Eq. (3) can be obtained
following the way just applied to the II-grating. Now we list all
the six parameters as follows:
tinI ¼ 1:551; toutI ¼ 0:424; rI ¼ 0:508:
tinII ¼ 1:303; toutII ¼ 0:332; rII ¼ 0:711:
After inserting these parameters into Eq. (2), the transmissiv-
ities depending on ﬁlm thickness of the mid-plane asymmetry
structure are calculated. In Fig. 3(a), the solid and dashed curves
represent TI and TII respectively, calculated from Eq. (2), and the
solid and opened circles are the simulation results of TI and TII.
Obviously, the curves and symbols ﬁt each other very well. The
accordance of the results from the two methods shows that
the SPP wave in the mid-plane asymmetry structure undergoes
the multi-reﬂection process in the slits. The difference between TI
and TII is caused by different surfaces: one is decorated by grooves.
In other words the OUD property originates from the symmetry
breaking on the surfaces of the mid-plane asymmetry structure.
When the transmissions reach maxima, Eq. (2) becomes
TI ¼ tinI toutII =ð1rIrIIÞ:
TII ¼ tinII toutI =ð1rIrIIÞ:
)
ð4Þ
Even in this simplest form, the reﬂectivity coefﬁcients on the
two interface appear in denominators, and one is unable to relate
them to I and II surfaces independently. It turns out that the two
surfaces are closely related to each other. Therefore, the explana-
tion in Ref. [17] needs to be readdressed, where the OUD
phenomenon was ascribed to independent energy transforming
on the two surfaces. The fact was that the two surfaces coupled
each other via their interface reﬂection and inﬂuenced the OUD
transmission simultaneously.
The above analysis reveals the mechanism of OUD transmission
in mid-plane asymmetry structure and helps us acquire a better
understanding of that. This understanding enables one to design
more effective mid-plane asymmetry structures. Before doing that,
setting a reasonable criterion to judge the OUD efﬁciency is
helpful. There have been two OUD indexes being employed,
η¼ΔT ¼ TITII [9] and η¼ ðTITIIÞ=ðTIþTIIÞ [2,6] ðTIZTIIÞ. TI
and TII can be either the amplitude transmissivities or energy
transmissivities. The ﬁrst one seems simple and visualized, and the
second is normalized. We think that an OUD device should have
not only the larger transmission difference but also the larger
positive transmission. Thus we deﬁne the OUD index as
η¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðTITIIÞTI
q
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ΔTTI
p
ð5Þ
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From the calculated transmissivities shown in Fig. 3(a), the one-
way index according to Eq. (5) is calculated and plotted in Fig. 3(b).
The largest value reaches about η¼21.1%.
Now, as an application of the above understanding, we design a
new mid-plane asymmetry structure to explore a higher OUD
index. The structure is sketched in Fig. 4. It is composed of two
silver gratings. The lower one contains subwavelength slits, and
the upper one is a common grating without constraint. The lower
grating is the main part of the mid-plane asymmetry structure and
its upper surface is inﬂuenced by the upper grating, or equiva-
lently, the upper grating can be considered as a component of the
upper surface of the mid-plane asymmetry structure. The upper
grating should not be regarded as the main part because our
understanding is based on the EOT effect yielded from subwave-
length structures. If the subwavelength grating is removed, the
common grating will not show OUD transmission even if the
surfaces are asymmetric.
The geometry parameters of the structure in Fig. 4 are taken as
W1 ¼ 0:38 μm, W2 ¼ 0:1 μm, L2 ¼ 0:43 μm and L1 ¼ 1:5L2. The
simulated transmissivities and the OUD index are displayed in
Fig. 5. The largest OUD index reaches more than η¼70%, showing a
remarkable improvement compared with the former one (21%).
At last, we would like to mention that the OUD transmission is
different from the concept of nonreciprocal [27–31]. In this paper
we merely investigate the OUD transmission of total power, not
involving the breaking of reciprocity. The ingredient of zero-th
order among the total transmission can be distinguished. In Fig. 6
(a) and (b), we plot the transmissions of the structure in Fig. 1 when
light incidents from the upper and lower sides, respectively. It is
seen in Fig. 6 that the zero-th order transmission (solid lines)
becomes nearly the same as the total transmission (dashed lines)
when the incident wavelength lamda is large enough. This happens
when λ40:52 μm in Fig. 6(a) and when λ41:04 μm in Fig. 6(b).
The solid lines in Fig. 6(a) and (b) are exactly the same, which
means that the zero-order transmissivities from the opposite
directions are the same, so that the reciprocity is reserved. There-
fore, the OUD must be attributed to the difference of the higher
order diffractions. When illuminating from the upper side (see Fig. 6
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Fig. 4. The mid-plane asymmetry structure is composed of two gratings. The lower
one is a subwavelength grating and the upper one is a common grating.
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(a)), the exit (lower) surface works as a grating with the period of
0:52 μm. As is well known, the grating period is a critical point.
When wavelength is larger than it, only zero-order diffraction
occurs. That is why the two curves apart from each other at
0:52 μm. For the same reason, the two curves in Fig. 6
(b) separated at 1:04 μm, because it was the period of the upper
surface. It should be noticed that the two grooves cut on the upper
surface in a cell are shifted closely from their symmetry positions.
So the period 0.52 becomes 1:04 μm. This leads to the structure to
have different periods for the two surfaces. We have tested that,
when the two grooves were shifted in the same direction, the OUD
phenomenon disappeared.
3. Conclusion
In conclusion, the mechanism of the OUD transmission in a
kind of mid-plane asymmetry structures is disclosed. This
mechanism makes use of EOT in subwavelength structures. As
the steady transmission is based on the multi-reﬂection in the
grating slits and which is in turn determined by the interface
transmissivities and reﬂectivities, the interface transmissivities
corresponding to the two opposite directions are different when
the mid-plane symmetry is broken. The two surfaces are coupled
to each other by their interface reﬂectivities and inﬂuence the
OUD transmission collaboratively. We have proposed a division
method to calculate the OUD transmission, and it turns out to be
an effective method.
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